The chlorine resistance of cysts of the flagellate protozoan Giardia muris was examined. This organism, which is pathogenic to mice, is being considered as a model for the inactivation of the human pathogen Giardia lamblia. Excystation was used as the criterion for cyst viability. Experiments were performed at pH 5, 7, and 9 at 25°C and pH 7 at 5C. Survival curves were "stepladder"-shaped, but concentration-time data generally conformed to Watson's Law. Chlorine was most effective at neutral pH and was only slightly less so in acidic solutions. Comparison of inactivation data based on equivalent hypochlorous acid concentrations, which corrects for chlorine ionization, showed that the cysts have a pH-dependent resistance to inactivation. Concentration-time (C. t') products for free chlorine obtained at 25°C ranged from a low of 50 mg min/liter at pH 5 to a high of 218 mg min/liter at pH 9 and were as high as 1,000 mg min/liter at 5°C. It appears that G. muris cysts are somewhat more resistant to inactivation than G. lamblia cysts and rank among the microorganisms that are most resistant to inactivation by free chlorine.
The parasitic flagellate Giardia lamblia is the causative agent of giardiasis, a severe diarrheal disease of humans (8) . Endemic to nearly every region of the world (16) , this protozoan has been implicated in increasing numbers of outbreaks of the disease in the United States over the last two decades (4) (5) (6) (7) (8) (9) . Contamination of potable water supplies with G. lamblia cysts has been established as a source of many of the outbreaks (13) . The failure of water treatment practices to remove or inactivate the cysts has occurred in systems in which filtration is not employed, or in systems in which plain chlorination is the principal form of treatment (6, 13) . This suggests that the cyst form of the organism may be resistant to destruction by chlorine.
Few studies of Giardia inactivation by chlorine have been reported in the literature. Jarroll et al. (14) found that G. lamblia cysts were resistant to chlorine at elevated pH or low temperature but could be destroyed with moderate chlorine residuals if temperatures were sufficiently high. At 5°C, no cysts survived a 10-min exposure to 8 mg of chlorine per liter at pH 6 and 7 or a 30-min exposure at pH 8. At 25°C, a residual of only 1.5 mg of chlorine per liter inactivated all of the cysts in 10 min at pH 6, 7, and 8. A similar study was performed by Rice et al. (17) with cysts of G. lamblia from symptomatic and asymptomatic donors and with cysts of Giardia muris, a parasite of mice. By employing 2.5 mg of chlorine per liter at 5°C, greater than 99% inactivation of the G. lamblia cysts from the symptomatic donor was obtained in 30 min at pH 6 and in 60 min at pH 7 and 8. Under the same conditions, only 90 to 99% inactivation of G. muris or G. lamblia cysts from the asymptomatic donor was possible.
Wickramanayake et al. (27) have compared the inactivation of G. lamblia and G. muris by ozone. They found that G. muris is slightly more resistant than the human parasite and proposed that G. muris be used as a model for the inactivation of G. lamblia.
The intent of this study was to provide additional data on the extent and kinetics of the inactivation of G. muris cysts by free chlorine. The effects of temperature and pH were examined at 5 and 25°C and at pH 5, 7, and 9. Concentrationtime (C. t') products and values for the coefficient of dilution were calculated from the data, as described in previous studies (20, 27) .
MATERIALS AND METHODS
Cyst preparation and enumeration. G. muris cysts were maintained by the method of Roberts-Thomson et al. (19) with minor modifications. The hosts were 21-to 28-day-old nonimmune, outbred female Swiss albino mice (CF-1). The mice were infected by inoculation of a suspension of 5,000 G. muris cysts per ml into the lower esophagus; fresh stool samples were collected 6 to 14 days later. Cysts were isolated from the stool samples and suspended in 0.1% Tween 20 detergent solution (19) . The cyst concentration of the suspensions was determined by direct count with a hemacytometer.
Viable cysts were quantitated by the excystation procedure described by Schaeffer et al. (22) Sargent-Welch) and combination electrode.
Free chlorine stock solutions of approximately 5,000 mg/liter were prepared by diluting a commercial sodium hypochlorite solution (Clorox) with chlorine demand-free water. Free and combined chlorine were determined by amperometric titration with 0.00564 M phenylarsine oxide solution (1) .
Inactivation procedures. One-liter amber borosilicate bottles fitted with thermometers and air supply ports were used as reaction vessels. During experimentation test and control reactors were pressurized slightly with compressed air to allow for easy sample collection. Magnetic stirrers were employed for continuous mixing. Temperature control for the 25°C experiments was accomplished by immersing the bottles in a constant-temperature bath. The bottles for the 5°C experiments were placed in water baths located in a thermostatically controlled room.
The following was the general cyst-inactivation procedure. A solution of 750 ml containing buffer and free chlorine was placed in the test reactor. A separate reactor containing only buffer served as the control. Both reactors were immersed in the water bath, and initial samples were removed for pH and free chlorine measurements. Aqueous 3-ml suspensions of 1-to 7-day-old cysts were then introduced simultaneously into the reactors with hypodermic syringes, yielding concentrations of approximately 10,000 cysts/ml. Samples of 15 ml were removed at suitable intervals and transferred into screw-cap tubes containing 1 ml of 0.05 M sodium thiosulfate. A minimum of three samples were taken from the control reactor.
Free chlorine residuals and pH were measured at the end of an experiment and at appropriate intervals during experimentation. Temperature was monitored closely and maintained within +0.5°C of the desired value. The samples were centrifuged following completion of an experiment, and all but 0.5 ml of the supernatant was removed. Cyst viability was then determined by selected samples by the methods described above. The percent excystation for test samples was calculated relative to that of a control.
RESULTS AND DISCUSSION Experiments were conducted to determine the rate of inactivation of G. muris cysts by free chlorine at 5°C at pH 7 and 25°C at pH 5, 7, and 9. Survival curves were obtained for these experiments by plotting the logarithm of the ratio of live cysts to total cysts against contact time. Cyst inactivation at pH 7 by free chlorine at 25°C and 5°C is shown in Fig.  1 and 2 , respectively. These curves are representative of all of the survival curves in their "stepladder" shape. The initial portion of the typical curve consisted of a period of rapid cyst inactivation to a level that varied from 5 to 70% survival, depending on chlorine concentration, pH, and temperature. A period characterized by a markedly lower rate of cyst inactivation ensued as the curve developed a shoulder corresponding to a lag period of inactivation. The remainder of the curve followed with a rapid decrease in cyst survival. Finally, the inactivation rate appeared to be constant as the curve became linear. The time required to obtain 99% kill was determined by interpolation between the data points with the lowest percentage survival above 1% and the highest percentage survival below 1%.
The experimental results are presented in Table 1 . The HOCI dissociation constants used for the calculations were 1.7 x 10-8 for the experiments at 5°C and 2.7 x 10-8 for those at 25°C (21) . There were no significant losses of free chlorine during the experiments, as measured by the amperometric titration method. The contact time for a given pH and temperature required to yield 99% inactivation increased as the free chlorine residuals decreased.
The multiple of the time required to effect a given kill and the corresponding disinfectant concentration provide a convenient means for comparing inactivation data at any specified temperature and pH. This C-t' product is related to the Watson's law equation: Cat' = k, where C is the residual chlorine concentration, n is a constant known as the coefficient of dilution, t' is the contact time required for a fixed percent inactivation, and k is a constant (20) . The C t' products for 99% cyst inactivation by total free chlorine and HOCI and the values of the coefficients of dilution found in this study are summarized in Table 1 . Watson's Law predicts a linear fit when the logarithm of disinfectant concentration is plotted against the logarithm of the time necessary to achieve a given percentage kill. Regression by least-squares analysis of log C-log t' data for the inactivation of G. muris cysts for free chlorine yielded correlation coefficients ranging from 0.987 to 0.993. These values imply a high correlation between log C and log t' and therefore strong conformity to Watson's Law. Such plots of the data in terms of free chlorine and HOCI residuals are given in Fig. 3 and 4 , respectively. The points are experimental data and the straight lines were determined by least squares regression.
Temperature had an important effect on the results, as indicated by the results obtained at pH 7 (Fig. 3) . The effectiveness of free chlorine at 25°C was about 10 times greater than that at 5°C. Much larger C. t' products were required at 5°C than at 25°C, on the basis of their calculation from both free chlorine and HOCI residuals. The effect of temperature has a greater significance with cysts than with bacteria because the rate of inactivation is so much greater for the latter.
The effect of pH on the efficacy of both free chlorine and HOCI against G. muris cysts was also significant. The largest C-t' products for the inactivation of G. muris cysts were required at pH 9, with the smallest values being required at pH 7 when free chlorine residuals were used to calculate the values. In terms of HOCI residuals, the C-t' products required for 99% inactivation decreased with increasing pH. Total free chlorine was more effective at pH 7 than at pH 5 and was much less effective at pH 9 (Fig. 3) . In contrast, the same data plotted in terms of HOCI concentrations show that the effectiveness of HOCI in the inactivation of G. muris cysts is almost directly related to pH, with smaller residuals being required to achieve 99% inactivation as the pH increased from 5 to 9. The irregular effect of pH on the inactivation of G. muris cysts by free chlorine was unusual and requires comment. It has been established in previous studies that free chlorine becomes less effective as the solution pH is raised. This variation in effectiveness is due to the pH-dependent distribution of chlorine between hypochlorite ion and hypochlorous acid, with the latter being the active disinfecting agent in free chlorine solutions. For a dissociation constant of 2.7 x 10-8, HOCI constitutes 99.7% of the total free chlorine at pH 5 and 78.7% at pH 7, and is only 3.6% of the total residual concentration at pH 9. Therefore, in contrast to the present results, free chlorine would be expected to be more effective at pH 5 than at pH 7. It is generally assumed that a given microorganism is equally sensitive to HOCI over small ranges of pH. As described by Rubin et al. (20) , this is the case with another protozoan, Naegleria gruberi. In a study of the inactivation of N. gruberi cysts at 25°C with free chlorine expressed as HOCI, there was little significant difference found between plots of log C-log t' data at pH 5, 7, and 9. The phenomenon of increasing effectiveness of HOCI with increasing pH has also been reported for other organisms, for example, for poliovirus by Englebrecht et al. (11) and by Taylor and Butler (25) . The Data from several studies are summarized in Table 2 , providing a comparison to C. t' products for 99% inactivation of some protozoan cysts, viruses, and bacteria by free chlorine. Some C. t' products were approximated from the reported data (Table 2 , footnote a). These values are only roughly comparable because of differences in pH and temperature and, perhaps, general experimental technique. Protozoan cysts are the most resistant to chlorine, however, and C. t' products for Escherichia coli are order of magnitude less resistant. Judging the microbiological safety of water solely on the basis of absence of coliforms is not a good practice. Results of this study indicate that chlorine inactivates cysts of G. muris, but only at concentrations well above these employed in routine water treatment practices. The relative ineffectiveness of chlorine against three cysts is exacerbated by conditions of high pH or low temperature. It can be concluded that G. lamblia may be modeled by G. muris, which is somewhat more resistant to free chlorine. These results also emphasize the need for very high dosecontact times for chlorination or for well-operated chemical treatment and subsequent filtration at conventional C t' levels for the effective removal or inactivation of protozoan cysts in potable water supplies.
